The effects of wet chemical processing conventionally employed in device fabrication standards are systematically studied on molybdenum oxide (MoO x ) ultra-thin films. We have combined x-ray photoelectron spectroscopy (XPS), angle resolved XPS and x-ray reflectivity techniques to provide deep insights into the changes in composition, structure and electronic states upon treatment of films with different initial stoichiometry prepared by reactive sputtering. Our results show significant reduction effects associated with the development of gap states in MoO x , as well as changes in the composition, density and structure of the films, systematically correlated with the initial oxidation state of Mo.
INTRODUCTION
Molybdenum oxide (MoO x ) is a transition metal oxide showing extraordinary and versatile electrical, structural, chemical and optical properties, which depend on the oxidation state of Mo, on the degree of crystallinity, on the sample morphology and on environmental conditions. This material system, particularly in the form of thin and ultra-thin films, finds applications in a variety of technologically relevant fields, including catalysis [1, 2] , gas sensors [3, 4] , optically switchable coatings [5, 6] , building-blocks for high-energy density solid-state microbatteries [7, 8] , smart windows technology [9, 10] , flexible supercapacitors [11] , thin film transistors (TFTs) [12] and organic electronics [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Owing to its high work function -reported to reach 6.9 eV [13] -and to the layered structure of α-MoO 3 , MoO x is currently also employed as a 2D material beyond graphene and as efficient hole contact on 2D transition metal dichalcogenides for p-type field effect transistors (p-FETs) [24] [25] [26] . In view of a reliable device performance, the control over the chemical and physical properties of the MoO x system is mandatory. It has been recently reported [15, [27] [28] [29] [30] [31] [32] [33] that in MoO x with x < 3, oxygen vacancies originated from partially populated d -states, give rise to occupied energy states within the forbidden gap -reported to be ∼ 3.0 eV at room temperature [13] -becoming bands above a critical concentration and driving the Fermi level close to the conduction band. The oxygen vacancies concentration, and consequently the averaged oxidation state of Mo, is a key parameter directly affecting the properties of the MoO x system. When fully oxidized, i.e. [13, [39] [40] [41] [42] [43] [44] [45] [46] .
Surface hydration or hydroxylation are suggested as possible mechanisms for reduction of cations in the MoO x system and, thus, for electronic structure changes. In particular, the hydroxylation mechanism is supported by recent density functional theory (DFT) calculations [47] . Moreover, several reports from the field of organic electronics [13, 39, 48, 49] point at gap states formed not only by oxygen vacancies and cation reduction, but also by organic adsorbates at the interface between MoO x and the organic layers.
Process engineering for devices fabrication generally involves standardized steps in which thin layers are treated with various photo-resists and solvents, but systematic studies on the effects of processing on the properties of MoO x films are still wanted. In this work, we report on the effects of processing on the stability of ultra-thin MoO x layers treated with conventional photo-resist (Shipley S1818) and solvents. The in-depth study is carried out on a series of ∼ 10 nm thick amorphous MoO x layers fabricated by means of reactive sputtering and presenting different stoichiometry, spanning -over the series -from a metallic to a fully oxidized phase and including, in particular, Mo, MoO 2+ǫ , MoO 3−ǫ , and MoO 3 .
EXPERIMENTAL PROCEDURE
A combination of XPS, angle resolved XPS (ARXPS) and x-ray reflectivity (XRR) techniques is employed to determine the charge state of the cations, the valence band spectra and the structural arrangement of the samples as-grown and upon treatment/exposure. A list of the as-grown samples under study is provided in Table II of the Appendix, while the labeling followed to identify the samples series according to the exposure/processing, is given in A in a Seifert XRD 3003 PTS-HR is employed and the GenX reflectivity fitting package [50] supports the data analysis. Details on growth parameters and XRR measurements are provided in the Appendix.
RESULTS AND DISCUSSION
In Fig. 1 For all the initial stoichiometries, the oxidation process is not confined to the uppermost atomic layers, but interests the whole probing depth.
The reduction effect reported previously [13, 40] The response of the Mo layers summarized in the left panel of Fig. 2(a) is confirmed by the evolution of the XPS valence band energy distribution curves of Mo depicted in Fig. 3(a) , and characterized by a broad overall band with a maximum intensity at 2. For the as-grown samples before processing, there is a systematic correlation between the Mo oxidation state as in Fig. 2 and the relative intensity of the emission related to the gap states and of the one from the O 2p levels, as evidenced in Figs. 3(a-d) . The width of the emission from the gap states is assigned to the presence of different types of vacancies [53] , whose complex geometry is beyond the resolution of the XPS system.
Processing involving DI water promotes substantially the development of gap states.
This effect is paticularly pronounced for the less oxidized samples MoO 2+ǫ , as summarized in Fig. 3 In all cases, the correlation between the reduction process emerging from the data shown in Fig. 2 and the evolution of the gap states is preserved, hence we attribute the enhancement of the gap state density to the presence of MoO x reduced states, in accordance with previous reports by other authors [13, 40, 53, 54] . Moreover, we can state that not only surface states are affected, but also deeper layers within the material, as deduced from the ARXPS measurements in Fig. 2 .
From XRR measurements -whose details are provided in the Appendix -the variation of density and thickness due to exposure/processing has been obtained for the investigated MoO x layers and it is summarized in the panels of Fig. 4 . Generally, an increment of density is reflected in a lowering of the thickness and vice versa, as inferred from Figs. 4(a,c,d ).
In the case of the MoO 2+ǫ layers of Fig oxidation state for all the samples, and causes the complete dissolution of MoO 3 after 1 min. of exposure. The high etching selectivity between Mo and MoO 3 opens wide perspectives for structuring of MoO x by means of simple DI water chemical etching [55, 56] . The reduction effect, not confined only to the surface layers, is correlated with the development of gap states -likely due to chemisorbed species -which lead to an electron transfer to the transition metal oxide system [13, 40] . Independently of the processing protocol, reduction and gap state intensities are stable after four days of air exposure. We have found that fully metallic and fully oxidized phases have the highest stability against the various cleaning protocols. Our findings indicate that the optimization of the protocols for processing MoO x ultra-thin films are crucial for the engineering of band states, fundamental for e.g. charge transport applications [48, 57] . X-ray reflectivity X-ray reflectivity (XRR) data are analyzed using the GenX reflectivity fitting package [50] , where the absolute logarithmic error function is used as a figure of merit (FOM), and it exploits a differential evolution algorithm and the Parratt recursion formula. A basic two layered structure is defined, consisting of one alkaline earth boro-aluminosilicate substrate and the MoO x layer. The best FOM is generally achieved by adding a second layer of MoO x , while keeping the total thickness constant and using the density of the two MoO x layers as parameter. In thist way a gradient of densities due to different oxidation states and/or chemisorbed impurities along the whole profile is simulated. The average density is then employed for the data analysis. The GenX software varies the thickness, density and roughness of each layer and minimizes the difference between model an experimental data.
The substrate properties are kept constant, except for the density after processing, which is let free to change within an interval of ±0.01 atoms/Å, in order to take into account possible changes due to processing. The accuracy achieved for the layer densities and thickness are in all cases ≤±0.002 atoms/Å and ±1 nm, respectively. In Fig. 1 , the experimental and simulated XRR data are shown for all the samples under study before and after processing. 
